Abstract More than 7 years of observations of postseismic relaxation after the 2004 Sumatra-Andaman earthquake provide an improving view on the deformation in the wide vicinity of the 2004 rupture. We include both Gravity Recovery and Climate Experiment (GRACE) gravity field data that show a large postseismic signal over the rupture area and GPS observations in the back arc region. With increasing time GPS and GRACE show contrasting relaxation styles that were not easily discernible on shorter time series. We investigate whether mantle creep can simultaneously explain the far-field surface displacements and the long-wavelength gravity changes. We interpret contrasts in the temporal behavior of the GPS-GRACE observations in terms of lateral variations in rheological properties of the asthenosphere below and above the slab. Based on 1-D viscoelastic models, our results support an (almost) order of magnitude contrast between oceanic lithosphere viscosity and continental viscosity, which likely means that the low viscosities frequently found from postseismic deformation after subduction earthquakes are valid only for the mantle wedge. Next to mantle creep, we also consider afterslip as an alternative mechanism for postseismic deformation. We investigate how the combination of GRACE and GPS data can better discriminate between different mechanisms of postseismic relaxation: distributed deformation (mantle creep) versus localized deformation (afterslip). We conclude that the GRACE-observed gravity changes rule out afterslip as the dominant mechanism explaining long-wavelength deformation even over the first year after the event.
Introduction
During the megathrust 2004 M w ∼9.1 Sumatra-Andaman earthquake, coseismic displacements have been measured by GPS at distances up to 1500 km of the epicenter, in Indonesia, Malaysia, and Thailand [Vigny et al., 2005] . In the months and years after this event and the nearby 2005 M w ∼ 8. 6 Nias earthquake large ongoing postseismic displacements have been observed throughout the same region [see, for example, Panet et al., 2010; Paul et al., 2012] . Initial displacement rates are fast and converge slowly to more steady velocities, which we show to be still clearly deviating from the observed preseismic motions. Integrated over more than 7 years, it shows that postseismic displacements even surpass coseismic displacements by a factor of 2 in the far field. Besides, as postseismic deformation implies an ongoing redistribution of mass, postseismic trends in the Earth's gravity field have been observed in the monthly global gravity fields produced by the Gravity Recovery and Climate Experiment (GRACE) satellite mission [e.g., Chen et al., 2007; Ogawa and Heki, 2007] .
Even though postseismic deformation of the solid Earth can only be measured at the surface, observations of the surface motions and gravity changes combined with numerical modeling can tell us more about deformation of the otherwise inaccessible lithosphere and mantle. Postseismic deformation is a reaction to the rupturing of a fault, relaxing coseismic stresses. Two dominant mechanisms in which the Earth relaxes these stresses are frequently proposed in literature: volume relaxation and localized afterslip. Volume relaxation occurs when the ductile upper mantle (or asthenosphere) underneath an elastic lithosphere causes widely distributed viscoelastic flow, which in turn drags the overlying lithosphere with it. Viscoelastic (volume) relaxation after the Sumatra-Andaman earthquake has been frequently proposed to explain the observed postseismic motions [e.g., Pollitz et al., 2006] . Furthermore, the same mechanism has been used to explain related postseismic changes in the Earth's gravity field as measured by the GRACE [e.g., Han et al., 2008] .
The second (and supporting information) explanation for the observed postseismic deformation is that the ruptured fault, or its updip or downdip continuation, can continue to slip slowly after the rupture has stopped; Both volume relaxation and localized afterslip are likely to occur after large earthquakes; only their relative contribution to the observed postseismic deformation and the time at which they act are still debated, both for the specific case of the Sumatra-Andaman event [Panet et al., 2010; Hoechner et al., 2011; Hu and Wang, 2012; Paul et al., 2012] or more in general [Bürgmann and Dresen, 2008, and references therein] . Postseismic relaxation may also be affected by the complex interior geometry of subduction zones as well as a potential viscosity contrast between suboceanic asthenosphere and the mantle wedge . Using models of viscoelastic flow and afterslip, the observed displacements can be used to study the deforming mechanisms and the rheology, the flow properties, of the upper mantle. More broadly, a better understanding (and measurement) of the deformation seen in the wake of large earthquakes can improve our knowledge about stress transfer during the earthquake cycle.
We integrate up to 7 years of far-field GPS and more than 7 years of GRACE observations, to get an unprecedented overview of the regional-scale pattern of postseismic relaxation. In contrast to previous studies that infer a relaxation pattern from GRACE that suggests that most relaxation occurred already in the first 4 years [e.g., Han et al., 2008; de Linage et al., 2009; Hoechner et al., 2011] , we show that postseismic relaxation is still ongoing. Since we can now better constrain postseismic trends and, compared to GPS-only postseismic studies, including global GRACE gravity field changes expands the sensitivity to relaxation in the suboceanic asthenosphere, we address the following questions:
1. Can the combination of GRACE and GPS make a distinction between localized and distributed deformation after the 2004 Sumatra-Andaman earthquake? And, if distributed deformation is the major deformation mechanism: 2. Do the combined GRACE and GPS data indicate different viscosities in the suboceanic asthenosphere and in the mantle wedge?
Previous Studies
A number of studies succeed relatively well in explaining the first few years of postseismic deformation after the two Sumatra events with a biviscous Burgers rheology [e.g., Pollitz et al., 2006; Hoechner et al., 2011] . On the other hand, the common univiscous Maxwell model seems not to be able to reproduce the transient postseismic signal [e.g., Paul et al., 2007] . With a Burgers rheology, a fraction of the elastic strain energy relaxes due to viscous flow with a low viscosity ( k ), and the remaining elastic strain energy decays due to flow at a higher viscosity ( m ). Laboratory experiments confirm that steady state (nonrecoverable) creep is preceded by faster (and fully recoverable) transient creep [Chopra, 1997; Gribb and Cooper, 1998; Lakki et al., 1998; Faul and Jackson, 2005] . Postseismic relaxation after the 2004 event is often explained using steady state viscosities in the range m = 5 ⋅ 10 18 to 1 ⋅ 10 19 Pa s together with an order of magnitude smaller transient viscosities, summarized in Table 1 . Commonly, models feature viscosities of m = 10 20 Pa s in the upper mantle below 220 km and an order of magnitude higher viscosity in the lower mantle (below 670 km). Some studies combine viscoelastic relaxation with afterslip to explain postseismic relaxation [Panet et al., 2010; Hu and Wang, 2012; Paul et al., 2012] , while Hoechner et al. [2011] find that significant afterslip is not needed to explain GPS and GRACE observations in the 4 years after the 2004 event. At the Sumatra subduction zone the Indian and Australian plates subduct below the Sunda plate [Simons et al., 2007] . During subduction of oceanic lithosphere, dehydration of the descending slab transports water into the overlying mantle [e.g., Karato, 2011] . This may have some implications for the rheology of the mantle wedge, the part of the mantle between the sinking slab and the overriding continental lithosphere, as water content decreases viscosity compared to surrounding asthenosphere viscosity [Hirth and Kohlstedt, 2003; Dixon et al., 2004] . Nevertheless, early (2 to 4 years) postseismic GPS measured back arc displacements next to postseismic GRACE gravity changes seem to be explained rather well using laterally homogeneous models [Han et al., 2008; Panet et al., 2010; Hoechner et al., 2011 ] (where Han et al. [2008 only consider GRACE data). In the case of the 2004 Sumatra-Andaman earthquake, only Pollitz et al. [2008] and Hu and Wang [2012] model lateral variations in viscosity. Next to introducing a high-viscosity subducting slab, Pollitz et al. [2008] add a 40% viscosity contrast between the oceanic asthenosphere and the low viscous mantle wedge below the continent, while Hu and Wang [2012] implement an order of magnitude contrast for the steady state viscosity. Both studies confront their laterally heterogenous models with GPS-observed land displacements close to the fault at the Andaman islands and on the Malaysian Peninsula, using approximately 1 and 3 years of observations, respectively. However, it is not yet clear whether the postseismic relaxation data actually require a lateral viscosity contrast of the subslab and supraslab asthenosphere, due to the limited sensitivity of land displacements to the suboceanic lithosphere [Hu et al., 2004] .
GPS Observed Displacements

Processing
We use horizontal GPS data from 11 permanent and campaign sites throughout Thailand, located in the back arc of the northern part of the Sunda subduction zone, minimally 400 km easterly from the trench. All have experienced observable coseismic [Vigny et al., 2005] and postseismic displacements throughout the measurement period of maximum 7 years after the event. As vertical deformation decreases faster with increasing distance to the fault and noise levels are higher, for vertical displacements we use a smaller subset of two permanent GPS sites that are relatively close to the rupture and that were operational during the earthquake. While more recent GPS data are available, the 2012 Indian Ocean earthquake caused extra coseismic and, likely postseismic displacements, that complicate the analysis of the postseismic displacements in Thailand due to the 2004 event. Closer to the 2004 rupture, at the Andaman and Nicobar islands approximately 100 km from the trench, several GPS sites have been installed in the 2 to 6 weeks after the event [Gahalaut et al., 2006] and more than 6 years of postseismic data have been collected [Paul et al., 2012] . Due to the absence of measurements directly after the earthquake, the first 20-40 days of postseismic displacements cannot be distinguished from the purely coseismic position jumps, which means that a large part of the initial near-field postseismic signal cannot be observed. Namely, according to Vigny et al. [2005] in the first 50 days after the event Phuket moved as much as 25% of the coseismic displacement.
Next to the considerable bias in the postseismic time series, near-field sites are more sensitive to local effects, such as poroelastic deformation [Hughes et al., 2010] . Furthermore, the near field is susceptible to variations in slip along strike: postseismic GPS vectors show strong variations in direction over small distances at the Andaman and Nicobar islands [Paul et al., 2012] , while far-field vectors point all in the direction of the epicenter. For these reasons we leave the near-field data aside for now and focus on the far-field GPS sites.
All GPS data are processed with GIPSY-OASIS II, using the Precise Point Positioning strategy [Zumberge et al., 1997] . Weekly averaged solutions are subsequently mapped onto the ITRF 2005 frame [Altamimi et al., 2007] and interseismic plate motions according to Simons et al. [2007] are removed. The supporting information Table S1 contains the residuals for the preearthquake period and the estimated linear interseismic velocities. Furthermore, we provide in supporting information Table S2 
Analysis of Postseismic Displacements
Comparison between observations and model results is facilitated by fitting a trend through the time series such that relaxation time and total postseismic displacement at uniform epochs can be determined. Because of the clear transient in the postseismic deformation, which may either hint at relaxation of a Burgers body or afterslip, a logarithmically decaying function fits such a curve quite well, as shown by Hetland and Hager [2006] y(t) = a ln
We solve this equation using nonlinear least squares. Here y(t) is the estimated displacement, a a scaling constant, t time in years since the event, and ln the (phenomenological) logarithmic relaxation time. Small values of ln indicate a strong initial slope with respect to later epochs, whereas large values of indicate trends with little variation in slope.
GRACE
To study long wavelength postseismic changes in the gravity field around the 2004 rupture, we make use of the monthly GRACE gravity solutions by CSR (Level-2, release 5 data) [Bettadpur, 2012] , spanning a period between January 2003 and March 2012. While more GRACE data are available, we prefer to exclude contamination of the time series due to gravitational changes of the 2012 Indian Ocean earthquake [Han et al., 2013] . We downward continue the gravity fields by 7 km to 6371 km and convert the GRACE Stokes coefficients C m l to gravity anomaly coefficients by with the gravitational constant G, the Earth's mass M, the Earth's radius r, and degree l and order m. Through these monthly gravity fields we fit, using nonlinear least squares, the same logarithmically decaying function as utilized for the GPS time series (equation (2)) to obtain the postseismic signal. Because of the monthly combinations of data, the coseismic gravity change is best estimated simultaneously with a postseismic trend. Alongside earthquake-induced gravity changes we estimate hydrological annual and semiannual seasonal and the S2 tidal aliasing signals [Ray and Luthcke, 2006] . Our fitting function then becomes
where a to i are constants, is 365/161, being the 161 day S2 tidal alias phase, H is the Heaviside function, t is the time in years, and t eq is the time of the earthquake. In this way h is the coseismic discontinuity for each grid point, i a scaling factor, and ln the (phenomenological) logarithmic relaxation time. We determine uncertainties a posteriori, based on the fit to the data. Since ln can only be reliably estimated at those locations where there is a large postseismic signal, we first estimate at the locations with the largest positive and negative postseismic signal (where we allow it to vary between 0.5 and 10 years) and subsequently constrain for the larger region to be within this interval. We estimate the confidence intervals of the postseismic trend by fixing the coseismic discontinuity at its 95% confidence boundaries.
Viscoelastic Relaxation Model
To compute solid Earth deformation and gravity potential changes we use the analytical normal mode method [Vermeersen and Sabadini, 1997; Sabadini and Vermeersen, 2004] , which treats the Earth as a radially stratified, compressible, and self-gravitating spherical body. The viscoelastic response is based on the biviscous Burgers body that allows for two different phases of creep: transient and steady state (Figure 1 ). The implementation in the normal modes approach is described in Appendix A. Elastic Earth properties are derived from preliminary reference Earth model (PREM) [Dziewonski and Anderson, 1981] . We model slip using seismic point sources [Smylie and Mansinha, 1971; Piersanti et al., 1995] , including corrections for seismic forcing given by Cambiotti et al. [2011] .
We form a series of spherically stratified Earth models that include (1) a purely elastic lithosphere with a thickness D l of either 40, 60, or 80 km, (2) a low-viscosity asthenosphere down to 220 km depth, and (3) the remaining upper mantle between 220 and 670 km depth, on top of (4) a high viscosity lower mantle layer which extends to the core at 2891 km depth (Table 2) .
Furthermore, we also test for various ratios of Kelvin shear modulus to Maxwell shear modulus: = k m . Except Hoechner et al. [2011] all other publications studying the Sumatra-Andaman postseismic relaxation that we are aware of assume that k = m , while it is likely that the Kelvin element is slightly weaker than the Maxwell element [Hetland and Hager, 2006] . As input for the Sumatra-Andaman slip distribution we use the G-M 9.15 model by Chlieh et al. [2007] . This slip model is based on far-field and (downscaled) near-field GPS measurements, in situ and remote observations of coral reef vertical motions, includes tsunami modeling, and is checked for consistency with normal modes and with the amplitude of very long period surface waves. Figure 2 shows that our model reproduces coseismic displacements well and that displacements due to the 2005 Nias earthquake are very small for the selected GPS sites.
We visually inspect the completeness of each model for all known modes, including the stronger dilatation modes (shown in Appendix A). Furthermore, the models are solved up to l max = 450, where a cosine taper is applied for the degree range 300-450. This successfully removes truncation errors, which would otherwise manifest as small wavelength oscillations with considerable amplitudes in the far field. We check that the application of a taper starting at degree 300 does not remove any real contribution to the deformation in areas where GPS observations have been taken.
Modeling Gravity Changes
For modeling gravity field changes, next to the normal modes solid Earth model, we also apply the sea level equation for seismic perturbations [Melini et al., 2010; Broerse et al., 2011 Broerse et al., , 2014 . Here we apply the sea level equation in the elastic mode, meaning that we omit any solid Earth relaxation due to changes in the water column. As in the coseismic case, any relaxation due to sea level changes can be discarded for the postseismic case, since elastic deformation due to relative sea level changes is at the 1% level of the maximum deformation due to slip itself [Broerse et al., 2014] . Only relaxation due to the 2004 event is modeled, as the 2005 Nias earthquake has a very small influence due to its 7 times lower seismic moment. The sea level equation is solved up to degree and order 450, such that coast lines can be properly accounted for. After the solution has converged, geoid anomalies N are converted into gravity anomalies Δg in the spherical harmonic domain by
and the series are truncated at l max = 40 for comparison with GRACE. Phuket in order to minimize influence of the 2005 Nias earthquake. One outlier is removed for site OTRI, where the last campaign measurement is otherwise responsible for doubling the relaxation time. We select the best fitting model based on the model relaxation time and the normalized root-mean-square deviation (normalized to increase the influence of far-field sites that are subject to relatively small displacements). The normalized root-mean-square deviation (NRMSD) is defined by
where n is the total number of observations over all GPS sites, s the number of sites, m the number of observations per site, E and N the postseismic displacements in east and north directions, respectively, and |x| max,i the maximum absolute horizontal displacement at site i. Figure 3 shows the NRMSD and RMS of the modeled relaxation time compared to the GPS-derived relaxation times.
Starting with relaxation times, as the relaxation times of the GPS time series are all in the 0.4-1 year range, we can already make a selection of feasible viscosity combinations. From Figure 3 we can see that the relaxation time is mostly dependent on the transient viscosity k and slightly decreases when the difference between transient and steady state viscosity becomes larger. Additionally, a decrease in can be seen when the contribution of the transient deformation increases due to a higher Kelvin shear modulus (higher ). We underpredict the displacement at SRIS, as does any other model that fits the other sites well. All models that provide a good overall fit for the whole network lead to slightly too much transient deformation for site PHUK. Figure 5 shows the time series of vertical GPS displacements of two permanent GPS sites, next to the estimated logarithmic fit, where we constrain the relaxation time to that of the horizontal fit. All featured sites show postseismic subsidence. As Figure 5 demonstrates, the model that best fits the horizontal displacements correctly reproduces the style of vertical deformation, namely, subsidence. However, the model overestimates the amount of displacement for site PHKT, while for the site farther away from the rupture, RYNG, the magnitude matches well. Figure 6 shows that the best fit model reproduces the integrated 7 year displacements in terms of total displacement and direction. Postseismic deformation at all observed sites points in the direction of the ruptured fault, consistent with viscoelastic relaxation [e.g., Wang et al., 2012] , and the directions are very similar to the observed coseismic displacements (Figure 2) . To understand the influence of variations in the four studied parameters, we show the effect of these on deformation of sites CPNT and OTRI in Figure B1 in Appendix B.
Comparison of GRACE With Model
We find a large ongoing postseismic increase of gravity over the rupture, sided by two areas that experience a decreasing trend in gravity, quite distinct from the coseismic dipole pattern (Figure 7, left) . The spatial pattern of the postseismic gravity change (shown by Figure 7 ) is comparable to previous accounts [e.g., de Linage et al., 2009; Panet et al., 2010] : a dominant positive increase over the ruptured area with a smaller negative easterly, in the Gulf of Thailand, and a minor negative west of the positive increase. The pattern is clearer than previous accounts, due to the use of updated GRACE gravity products (release 5 data) and longer time series. We find a relatively slow transient from the gravity observations (compared to the postseismic GPS displacements), as is indicated by the time series at the location of maximum positive trend and maximum negative trend in Figure 8 . Relaxation times ln are estimated to be 2.9 years (1.2-9.8) and 5.0 years (1.5-20.8) for the positive peak and negative peak, with 95% confidence interval between brackets. While the total seismic signal can be estimated quite well, the separation between coseismic and postseismic signals mainly introduces uncertainties in the rate of postseismic change.
Since we find higher relaxation times for GRACE postseismic relaxation than for GPS observed surface displacements, we add a number of viscoelastic models with higher transient and steady state asthenosphere viscosities than those we used for comparison with GPS. We assess the model fit in terms of relaxation time and RMS deviation (mean of RMS deviation within the area shown in Figure 7 at epochs 0.1, 0.2, 0.3, 0.5, 0.75, 1, 2, 3, 4, 5, 6, and 7 years). Whereas we found the best fit for GPS with viscosities of k = 1 ⋅ 10 18 Pa s and m = 7.5 ⋅ 10 18 Pa s, Figure 9 shows that in order to fit the GRACE gravity changes we need higher asthenosphere viscosities. Namely, models that fit the estimated relaxation time from GRACE and have a low RMS deviation all have transient viscosities in the range k = 7.5 ⋅ 10 18 − 1 ⋅ 10 19 Pa s. While a few models with transient viscosities of k = 5 ⋅ 10 18 Pa s seem to result in a good fit in terms of relaxation time, these models (and those with even lower transient viscosities) all overpredict the total postseismic gravity change, hence the high RMS misfits. Figure 9 illustrates as well that there is a clear preference for models with a lithosphere thickness D l of 40 km, reproducing the overall postseismic pattern better than a thicker lithosphere. There are a few models that produce comparable good fits to the GRACE postseismic field, and from Figure 10 it shows that these models (the model with the lowest RMSD and 5% higher) reproduce well the time series at the locations of maximum positive and negative postseismic change. The best fit has parameters k = 7. 
Localized Deformation: Afterslip
Next to distributed relaxation we test whether the observed postseismic trends can be explained using localized afterslip. We design a simple forward afterslip model by placing a few seismic point sources on the slab surface, using the SLAB 1.0 slab geometry [Hayes et al., 2012] . In this way we obtain a first-order estimate of the amount and location of the slip needed to explain the far-field GPS and GRACE gravity changes within the first year after the main event. We use six scenarios where we place six dip-slip point sources along strike with a 250 km interval ( Figure C1 shows the focal mechanisms for these sources), while taking constant source depths, between 15 and 65 km depth. Based on a trial and error approach, we assign the three northern sources twice the seismic moment as the three southern point sources and scale the total amount of seismic moment by maximizing the fit with 1 year of postseismic displacement at GPS site PHUK. Especially since GRACE has very little sensitivity to along-strike variations (due to the resolution of about 500 km at maximum spherical harmonic degree and order l max = 40), there is little benefit in further optimizing the (4)). All gravity anomalies are truncated at spherical harmonic degree and order l max = 40.
afterslip distribution along strike direction. We find little sensitivity to source depth as all source depths fit the horizontal 1 year GPS for all sites equally well (see Figure C1 in Appendix C), which justifies the forward model approach instead of a full inversion for slip. None of the afterslip models explains the observed subsidence ( Figure 5) , as all models (including those not shown with intermediate source depths) predict uplift in a broad area around sites PHUK and RYNG. Figure 11 shows a clear misfit between the modeled gravity changes of two end-member afterslip models, at 15 and 65 km depth (where intermediate depths show a gradual transition between those two) and the GRACE postseismic gravity change after 1 year. Namely, the shallow depth (15 km) afterslip model predicts a negative peak that is 6.6 times higher than what is found from GRACE and has an oceanward offset in peak location. On the other hand, the downdip afterslip model (65 km depth) agrees with GRACE with respect to the location of peak postseismic gravity changes, but this model too predicts 2.8 times too large negative gravity changes.
Discussion
Even when considering the large uncertainties in the GRACE relaxation times, GRACE observes a much slower relaxation time of the gravity field ( ln = 2.9 years, at the location of largest signal) than the relaxation time in the back arc horizontal displacements as obtained with GPS ( ln = 0.4-1 years, Figure 4 ). Previous studies based on maximum 4.5 years of GRACE data show estimated (exponentially decaying) trends that are almost relaxed after ∼4 years [Han et al., 2008; Hoechner et al., 2011; Tanaka and Heki, 2014] . In the same vein, de Linage et al. [2009] concluded that 26 months of postseismic gravity changes are close to the total postseismic gravity change. Based on longer time series we show that the postseismic trend in gravity due to the 2004 event is far from completed as it is still continuing in 2012, more than 7 years after the event (Figure 8 ).
We show that even within the first year after the 2004 earthquake, afterslip alone cannot explain the far-field GPS displacements, as afterslip models overestimate postseismic gravity changes (Figure 11 ). With respect to spatial patterns, shallow afterslip performs worse than slip downdip of the coseismic rupture. Our models of both shallow as well as deep afterslip predict uplift at sites where we observe postseismic subsidence. We thus conclude that the majority of gravity changes and GPS displacements should be due to volume relaxation of the viscoelastic asthenosphere [cf. Hoechner et al., 2011] . Recently, similar predominance of viscoelastic relaxation over afterslip after the 2011 Tohoku earthquake has been reported based on ocean floor displacements [Han et al., 2014; Sun et al., 2014] . Still, based on the observations from this study we cannot rule out that shallow afterslip is needed to explain displacements close to the trench. However, the difference in GPS/GRACE relaxation time is not reproduced using models that are limited to laterally uniform viscosities for the mantle, as these predict similar relaxation times for surface displacements and gravity field changes. GPS observations are best fit using asthenosphere Kelvin viscosities of around 1 ⋅ 10 18 Pa s [cf. Hoechner et al. [2011] , while we find that a frequently reported Kelvin viscosity of around k =5 ⋅ 10 17 Pa s [Pollitz et al., 2006; Han et al., 2008; Panet et al., 2010; Hu and Wang, 2012] leads to too fast transients ( ln < 0.2 years). Additionally, transient Kelvin viscosities are found to be below 2.5 ⋅ 10 18 Pa s. Maxwell viscosities in the asthenosphere of about m = 7.5 ⋅ 10
18 Pa s lead to a rate of deformation after 7 years that coincides with that found with 1 order of magnitude higher than those needed to fit GPS. Similarly, we find an order of magnitude higher steady state viscosity from fitting GRACE trends: m = 5 ⋅ 10 19 to 7.5 ⋅ 10 19 Pa s.
GRACE senses the largest gravity changes over the trench (where the oceanic lithosphere dips eastward), while the GPS data that we use stems from the continental Sunda plate. Therefore, we argue that GRACE and GPS actually observe relaxation in two different domains: below oceanic lithosphere (GRACE) and in the mantle wedge above the subducting oceanic slab (far-field GPS). Differences in viscosity at both sides of the subducting oceanic slab may then explain the different rates of relaxation. There are strong indications that the subducting oceanic crust transports water into the above mantle [e.g., Billen and Gurnis, 2001] , which may lower the mantle wedge viscosity up to an order of magnitude compared to oceanic asthenosphere [Hirth and Kohlstedt, 2003; Dixon et al., 2004; Muto et al., 2013] . Additional support for low viscosities in the mantle wedge of several subduction zones are the findings of high mantle wedge temperatures [Currie and Hyndman, 2006] , despite the fact that the underthrusting slab is cool. For the 2004 event a few studies considered an order of magnitude drop in Kelvin and Maxwell viscosities or Maxwell viscosity only , going from oceanic asthenosphere to the mantle wedge at opposing sides of the subducting slab. As these studies consider GPS data only, they are mostly sensitive to relaxation of the mantle wedge. Previously, Hu et al. [2004] reported that tide gauge observations after the great 1960 Chile earthquake could be explained when assuming an oceanic mantle Maxwell viscosity of an order of magnitude higher than that of the mantle wedge, while surface velocities at the continent are almost unaffected. et al. [2012] found spatial varying characteristic relaxation times (exponential) based on more than 10 years of postseismic displacements after the 1999 Chi-Chi earthquake, Taiwan, with increasing relaxation times for far-field sites. They show a coupled afterslip and viscoelastic model, implementing a Maxwell rheology and including a local low-viscosity zone, that can reproduce faster transients near the fault. In contrast to Rousset et al. [2012] , we find fast transients in the far-field displacements and slow transients in the long-wavelength part of the gravity changes. In our study, the combination of both afterslip and viscoelastic relaxation is an unlikely cause for the spatially changing relaxation times since the gravity data rule out the scenario that afterslip explains the early far-field GPS displacements. In case a minor part of the postseismic signal is due to afterslip, a likely result is that afterslip contributes mainly to the early stages of postseismic relaxation. Even though we did not model the combination of afterslip and mantle relaxation, it is unlikely that our hypothesis of lateral viscosity contrasts is affected by the presence of afterslip, since far-field surface displacements and gravity changes due to localized deformation will show the same temporal behavior. However, only distributed deformation such as mantle relaxation allows for different rates of relaxation in distinct areas.
Rousset
The next step will be the confrontation of models that include slab geometry and lateral variations in viscosity and density to both land displacements and gravity field changes, preferably including a direct coupling of afterslip and viscoelastic creep [e.g., Hu and Wang, 2012; Rollins et al., 2015] . This combination can lead to better understanding of the viscosity contrast at both sides of the subducting slab. Furthermore, the presence of a cool subducting slab may also affect the relaxation times. Such a model will also affect the displacements at our GPS locations and may potentially improve the fit at those locations where our radially symmetric models perform less well (such as at sites PHUK and SRIS). Interpretation of postseismic relaxation with power law rheologies still remains an open issue for subduction zone earthquakes. Power law rheology applied to megathrust earthquakes deserves a more rigorous examination in order to integrate phenomenological deductions of upper mantle viscosity with knowledge of rock deformation from the lab. However, this results in adding a large number of degrees of freedom, and as extrapolations from rock mechanical experiments are required, power law empirical relations come with major uncertainties. In our perspective, geophysical observations can be used to test these extrapolations. On the other hand, it opens a possibility to study to what extent the inferred low viscosities are a result of changes in stress and how these may differ from long-term (higher) viscosities [Freed et al., 2010] , as the (effective) viscosities that we find may depend on the size of the earthquake and resolution of the observations [Riva and Govers, 2009] . Power law dependence on stress can lead to temporal and spatial localization of low effective viscosities, which may have an effect on characteristic relaxation times in the observations. We expect that the spatial asymmetry in observed relaxation times cannot be explained by stress dependence alone, since the largest region with high stress changes are to be expected in the oceanic asthenosphere [see, e.g., Pollitz et al., 2008, Figures 13 and 14 ]. Yet while linear viscoelastic rheologies are very simple, if we can fully explain the available observations with these, there may be no need for further rheological complexity from the perspective of these data. Transient (recoverable) creep is likely an essential feature in interpreting postseismic relaxation as most Sumatra-Andaman studies require transient viscosities to explain the data, and also (unrecoverable) steady state creep derived from power law rheology fails to explain postseismic deformation in a continental setting [Freed et al., 2012] . Furthermore, since the 2004 earthquake is relatively recent, there is a possibility that what we interpret as steady state deformation is yet another transient, and thus recoverable, phase, for which an extended Burgers rheology could be adopted. As the postseismic deformation and gravity field changes since the Sumatra-Andaman earthquake are still ongoing processes, longer time spans of observations will increase the sensitivity to transient and steady state low-viscosity zones. The remaining years of the GRACE mission and its follow-up mission can further constrain the rate of relaxation after the huge 2004 Sumatra-Andaman earthquake and may also shed light on relaxation following other very large (M w > 9) earthquakes such as the 2011 Tohoku earthquake.
Conclusions
We use both GPS-observed surface displacements and GRACE gravity changes to investigate postseismic relaxation after the 2004 Sumatra-Andaman earthquake, both in continental and oceanic areas.
1. We show that localized deformation in the form of afterslip cannot be the dominant factor in the first year of postseismic relaxation, as the amount of afterslip needed to explain the far-field GPS observations overestimates the low-degree gravity changes by at least a factor 2.8 and the uplift predicted by afterslip models does not match the observed subsidence. However, we show that viscoelastic mantle relaxation (modeled with a biviscous Burgers rheology) can explain the observed postseismic relaxation. Nevertheless, we cannot explain the far-field GPS displacements and GRACE gravity changes with a single set of rheological parameters. 2. Thanks to the extended amount of postseismic GRACE gravity data (>7 years), the relaxation rate of the postseismic gravity field can be constrained better than in previous studies. A new observation is that the relaxation of the gravity field at GRACE resolution is much slower than what GPS observes over land in the back arc. In other words, in the GPS displacements we see a larger contrast between early and later displacement rates than we see in the GRACE postseismic time series. We suggest that relaxation in the oceanic asthenosphere (over which GRACE measures the largest changes) and continental asthenosphere (sampled by GPS) happens at different rates. Since localized deformation will lead to the same temporal behavior in the affected area, we argue that distributed deformation should be responsible for contrasts in the rate of relaxation. In that case we need an order of magnitude higher viscosity in the oceanic asthenosphere compared to the mantle wedge. Knowing that subducting sediments and oceanic crust transport water deep into the overlying mantle by dehydration, makes it likely that the mantle wedge is significantly weaker than oceanic asthenosphere as water lowers the viscosity of mantle rocks [Hirth and Kohlstedt, 2003] . We show that satellite gravimetry is currently the only geodetic technique that has shown to be quantitatively sensitive to this viscosity contrast. Moreover, this observation has implications for modeling postseismic relaxation as well, as it suggests that the observed relaxation cannot be captured by the commonly used 1-D viscosity profiles.
10.1002/2015JB011951 The simplest rheological model that incorporates both elastic, transient creep, and steady state creep is the biviscous Burgers rheology [Peltier et al., 1981] . The Burgers model essentially extends the common Maxwell model (that models elastic deformation and steady state creep) by taking a Maxwell element and coupling this in series with a Kelvin element (that models transient creep) [Burgers, 1939] . The Maxwell element is schematically represented by a spring with rigidity m in series with a dashpot with viscosity m ; the Kelvin element consists of a spring with rigidity k coupled in parallel with a dashpot with viscosity k (see Figure 1) . As the newly introduced spring is coupled in parallel by a dashpot, it does not introduce any elastic deformation, but it allows for an anelastic transient viscoelastic deformation that causes a fast relaxation quickly after the application of a load (such as the occurrence of an earthquake). The influence of the transient deformation then diminishes, since it allows for only limited strain as effective viscosity increases with time [Rümpker and Wolf , 1996] . Subsequently, the Maxwell relaxation becomes dominant at longer timescales. In normal modes models the stress-strain relations are written in the Laplace domain, which in the case of a linear rheology (e.g., Maxwell, Burgers) can be written as follows [Yuen and Peltier, 1982] ij (s) = 2̃(s)̃i j (s) +̃(s)
where ij is deviatoric stress, ij is deviatoric strain, denotes the Kronecker delta tensor, s is the inverse relaxation time, and the tilde denotes the Laplace transform of the original variables. The rheological properties are now condensed in the so-called compliances̃(s) and̃(s). For a Burgers model the expressions in the Laplace domain are given by Peltier et al. [1986] (s 
